Ground-penetrating radar has not been applied widely to the recognition of ancient carbonate platform geometries. This article reports the results of an integrated study performed on an Upper Jurassic outcrop from the south-east Paris basin, where coral bioherms laterally change into prograding depositional sequences. Ground-penetrating radar profiles illustrate the different bedding planes and major erosional unconformities visible at outcrop. A ground-penetrating radar profile conducted at the base of the cliff displays a palaeotopographic surface on which the outcropping bioherms settled. The excellent penetration depths of the ground-penetrating radar (20 m with a monostatic 200 MHz antenna) images the carbonate platform geometries, ranging between outcrop workscale (a few metres) and seismic scale (several hundreds of metres). This study supports recent evidence of icehouse conditions and induced sea-level fluctuations controlling the Upper Jurassic carbonate production.
INTRODUCTION
Ground-Penetrating Radar (GPR) is a non-invasive technique for detecting, locating and/or mapping shallow subsurface features. GPR has often been used for 2D and 3D characterization of clastic reservoirs (McMechan et al., 1998; Jol et al., 2003) , glaciofluvial deposits (Beres & Haeni, 1991; Beres et al., 1995 Beres et al., , 1999 with applications to aquifer reservoir modeling (Asprion & Aigner, 1999; Heinz & Aigner, 2003; Huggenberger & Regli, 2006) , and to hydrostratigraphical characterization (Goutaland et al., 2008) . Remarkably few studies have examined facies and geometries of carbonates: the characterization of a Middle Silurian bioclastic grainstone megashoal (Pratt & Miall, 1993) , the recognition of facies in Upper Jurassic limestones (Asprion & Aigner, 1999 , 2000 Dagallier et al., 2000) , and the characterization of decimetre-scale to metre-scale sedimentary structures in a Pleistocene oolite shoal-barrier bar setting (Grasmueck & Weger, 2002; Grasmueck et al., 2004) are some of the studies using GPR in carbonates. To our knowledge, only one study published by Asprion et al. (2009) integrates sedimentology and geophysics to characterize facies and geometry of a carbonate platform in order to interpret subsurface facies and geometry.
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external parameters controlling the growth of Upper Jurassic bioherms and provides evidence that the Jurassic indeed was an icehouse world.
GEOLOGICAL AND GEOPHYSICAL BACKGROUND

Jurassic bioherms in the Paris Basin
During the Early Jurassic, bioherms were generally very rare in the Tethyan realm, but the important rise of sea level during the Middle Jurassic triggered their development on the northern Tethys shelf which turned into a carbonate-dominated province (Leinfelder, 2001 ). Only during Late Jurassic times were shelf areas flooded widely enough to define suitable carbonate ramp settings (Leinfelder, 2001) . A large part of the European continent was covered with shallow epireic seas connecting different sedimentary basins (Paris, Dauphinois, and Aquitaine deep marine environments) (Fig. 1) . In France, the shallow marine carbonate production was preferentially distributed around the Massif Central between 20° and 30° of latitude (Vogt & Tucholke, 1986; Leinfelder, 1987; Ziegler, 1988; Leinfelder, 1989; Ellis et al., 1990) .
In the Paris Basin, the upper Oxfordian bioherms from the southern margin are dominated by corals (Loreau & Tintant, 1968) . About 130 genera in the Upper Jurassic are described (Leinfelder et al., 1994; Bertling & Insalaco, 1998 ). An important climatic change appears to have occurred during the middle to late Oxfordian transition, initiating major biohermal development in the Swiss Jura and in other regions of the northern shelf margin of the Tethys (Gygi, 1986; Gygi & Persoz, 1986; Pittet, 1996; Pittet & Strasser, 1998; Pittet et al., 2000; Cecca et al., 2001; Olivier et al., 2003 Olivier et al., , 2004 . At the beginning of the late High-resolution imaging of a carbonate platform 5 Oxfordian, abundant rainfall triggered terrigeneous sediment input resulting in the development of a more mixed siliciclastic/carbonate system (Olivier et al., 2004) .
The study area is located in the south-east of the Paris Basin ( Fig. 2A) and focuses on the Calcaire de Tonnerre Formation. Several studies describe upper Oxfordian bioherms on the southern margin of the Paris Basin known as the Chatel Censoir biostromes (Menot & Rat, 1967; Menot, 1974 Menot, , 1980 Insalaco, 1996; Chevalier et al., 2001) . They occur between the top of the Transversarium Zone and the top of the Bifurcatus Zone (Fig. 2B ). First sedimentological and stratigraphical studies of the Calcaire de Tonnerre Formation were carried out by Lambert (1893) , Loreau (1967) and Loreau & Tintant (1968) . This formation spans the Planula zone (Fig. 2B ). The dominant facies is a pure micritic and chalky limestone (99.5% of CaCO 3 ), but subordinate amounts of pelletal and oolitic packstones also occur.
Pure oolitic facies are known as «Pierre de Tonnerre» (Loreau, 1967) but these facies are absent in the studied succession. Several small coral bioherms and coral-rich debris breccia facies have been described from the formation (Loreau & Tintant, 1968) , but the occurrence of coral edifices several metres thick are documented for the first time.
Application of GPR in carbonate facies
The potential of GPR as a tool for mapping and detecting shallow subsurface heterogeneities in different geological settings has been clearly demonstrated during the past decades (Pratt & Miall, 1993; Jol et al., 2003, among others) . In limestone series, it is assumed that changes in dielectric properties are mostly related to porosity or structural changes (Pratt & Miall, 1993; Meschede et al., 1997; Asprion & Aigner, 2000; Van Den Bril et al., 2007; Young et al., 2007) . Recent works have also demonstrated the potential of GPR for investigating limestone cliffs in terms of fracture assessment (Jeannin et al., 2006 Recently, Asprion et al. (2009) proposed a new approach, which consists of using GPR sections for extrapolating facies information and geometries from outcrops and wells in order to refine and extend the resolution of the medium-scale and small-scale complexities in facies architecture on the Tortonian carbonate ramp of Menorca. This approach, known as the outcrop analogue approach, is classically used in petroleum geology in order to characterize subsurface reservoirs (Hornung & Aigner, 2002; Jorry et al., 2003; Pringle et al., 2004) . Asprion et al. (2009) integrated for the first time sedimentology and geophysics to characterize facies and geometries of a carbonate platform
MATERIALS AND METHODS
Sedimentological study
Upper Oxfordian and lower Kimmeridgian carbonate rocks are exposed along a recent roadcut near the city of Tonnerre, in the Armancon valley in France (Figs 2A and 3) . The High-resolution imaging of a carbonate platform 7 geometry of the stratal terminations defines several unconformities and establishes the architecture of sedimentary packages and sequences. Erosional surfaces separate coral bioherms, prograding units, and depositional sequences. Facies from each sedimentary package (bioherm and inter-bioherm zones) have been mapped on photomosaics (Fig. 4) .
Petrographic analysis (textures, faunal content and diagenetic features) provides critical information for interpreting depositional environments. Relative palaeobathymetry estimates are based on the shape of corals (lamellar, branching and massive forms), the associated microfauna (algae, foraminifers) and macrofauna (sponges, serpulids, oysters, gastropods, brachiopods), and the nature of the matrix of the bioherms. Depositional sequences and unconformity surfaces can be used to follow the architectural evolution of the carbonate platform.
Plugs from outcrop, averaging about 3 cm in length and 2.5 cm in diameter, were dried at 50°C for two days. Permeability measurements were made using a PMI GP-262 Gas Permeameter housed at the University of Geneva. Porosity was measured by hydrostatic weighting according to the European norm EN1936. Carbonate contents were analyzed using a carbonate bomb (Müller & Gastner, 1971; Droxler et al., 1988) . About 2 cm 3 of sample were placed into a sealed vessel and reacted with 10% HCl (2.3 mol/l). The volume of CO 2 released was compared to volumes released by reacting known amounts of 100 % of CaCO 3 .
GPR processing and interpretation
GPR measurements were performed using a GSSI (Geophysical Survey System Inc.)
SIR 3000 system with 200 and 400 MHz shielded antennas operating in monostatic mode (a single antenna is used to transmit and to receive the electromagnetic pulses). In addition, the High-resolution imaging of a carbonate platform 8 topography was measured every 10 m along the profiles with differential global positioning system (D-GPS).
The GPR surveys were made on outcrop DEV1 (Fig. 3) . Profiles conducted on the top of the hill were far enough from the cliff to prevent side-effect, but close enough to allow a direct correlation between GPR images and outcrops. The GPR was dragged along the ground at a slow and constant walking speed. A 40 scans/s rate was selected in order to a posteriori enhance the signal/noise ratio with a stack operation when normalizing the GPR profiles in distance.
The GPR processing sequence is summarized in 
RESULTS
Sedimentological description
DEV1 and DEV2 outcrops, located along the Tonnerre roadcut, show the superposition of several accretional units separated by erosional surfaces (Fig. 4) . These units are composed of decimetre-thick to metre-thick carbonate beds prograding toward the south-west. Several coral-dominated buildups with steep flanks are intercalated in prograding units (Fig. 4) .
Lateral to the coral bioherms, bioclastic grainstones and coral rudstones with a peletoidal grainstone matrix prograde toward the south forming beds with an average dip of 15° (Fig. 4) . The top of this unit is bounded by the unconformity DT2, which truncates both the R3 bioherm and the rudstone flank beds (Fig. 4) . Another prograding body, capped by an erosive surface (DT3) corresponds to well-stratified coarse-grained packstones arranged in large sigmoid prograding beds (Fig. 5A ). This prograding interval contains some wellpreserved branching corals and large blocks composed of a coral-dominated framework. truncates both corals and internal sediment, and it is overlain by packstones (Fig. 5B ). This unconformable surface occurred after lithification of the internal sediment.
The outcrop DEV2, located on the other side of the roadcut, shows coral-dominated bioherms and off-bioherm prograding facies that can be correlated to sequence boundaries (DT1 to DT5), but the general architecture significantly differs from the DEV1 outcrop (Fig. 4 ).
It appears that bioherms are scattered and no linear trend (bioherm track) exists.
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The complexity of the platform architecture is accentuated by the occurrence of bioherms dominated by branching coral (R3, R5, and R6 
Sequence stratigraphy
Six depositional sequences have been identified within the upper Oxfordian Calcaire de Tonnerre Formation. Each sequence is characterized by a succession of accretional units. Figure 6 illustrates the architecture of the carbonate platform from sequence S1 to sequence S6.
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i. Facies and Biota: This sequence is characterized by the early settlement of R1 and R2 dish coral buildups (Microsolenidae and Actinaraea sp.) in low-energy conditions. Associated fauna is dominated by calcisponges (Chaetetidae), gastropods, some bioclasts encrusted by nubeculariids, and blue-green algae (Cayeuxia sp.). A coarse bioclastic flank facies accumulated around the incipient bioherms.
ii. Stratal Geometries: The dish corals constructed bioherms several metres wide.
The R1 buildup can be subdivided into several accretionary units that are separated by undulating erosional surfaces. Coarse bioclastic debris accumulated as prograding packstone flanks.
iii. Bounding Surface Description: The top of this sequence is bounded by the unconformity DT1 on top of R1 and R2 bioherms. ii. Stratal Geometries: The internal architecture of the R1-R3 bioherm on DEV1
outcrop is characterized by superimposed aggradational coral-dominated packages.
The branching coral-dominated buildups are flanked by stratified grainstone facies.
High-resolution imaging of a carbonate platform
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iii. Bounding Surface Description: The top of this sequence is the DT2 unconformity which truncates clinobeds deposited during the previous sequence S1.
iv. Interpretation: The lateral facies transition into prograding packstones containing common coral fragments indicates synsedimentary erosion of the R1-R3 bioherm.
The bioherm aggradation reflects a progressive sea-level rise, attesting to a keep-up growth strategy (Kendall & Schlager, 1981) . ii. Stratal Geometries: Aggrading coral facies contribute to the development of two plurimetric bioherms (R5 and R6) characterized by steep flanks. The bioherms are separated by fringing inclined beds. The muddy accretionary unit is poorly stratified.
The progradation of large inclined beds continues to the south-west.
iii. Bounding Surface Description: The sequence is bounded at its top by the DT4 sequence boundary, showing considerable sediment removal.
iv. Interpretation: This unit represents sedimentation in quieter areas surrounded by coral bioherms, with a low sedimentation rate, where carbonate mud precipitation and deposition occurred (Loreau, 1975 (Loreau, , 1979 (Loreau, , 1982 . The initial development of coral colonies suggests a stable substratum of Trichites shells that were fixed into the sediment. The geometry of the sequence boundary suggests that the sedimentary package is only a relic of a thicker depositional sequence which includes subaqueous interdune environments (dominated by mud-rich carbonates). A capping DT4 sequence boundary records a significant fall in relative sea level. 
Calibration of GPR facies with outcrop lithofacies
GPR profile P1 (Fig. 7) and facies to be distinguished (Fig. 8) .
High-resolution imaging of a carbonate platform
Coral buildups have visible internal bedding in the outcrop. The associated reflection pattern is mostly characterized by numerous strong and discontinuous reflections variable in amplitude ( Fig. 7 and Fig. 8 , Box A). They might be generated by non-uniform cementation and heterogeneous matrix content of the bioherms. Medium-scale channels were identified on the GPR profile P1 carried out on the top of the outcrop DEV1 (Fig. 3) , using a 200 Mhz antenna. Focused on these channels, a 50 m long survey using a 400 Mhz antenna (P2) details the internal structure of the channel fill with the presence of a thin top soil layer which strongly attenuates the EM wave energy.
Some of the identified radar facies have been sampled for petrophysical analyses (Fig. 7) . Table 2 appears that porosity and permeability show significant intra-unit variability ( Table 2 ). The good correspondence between outcrop bedding and GPR reflections indicates that each accretionary unit has rather constant petrophysical properties. In that case, it means that porosity and permeability values measured at specific locations do not reflect the global petrophysical behaviour of the accretionary units. Intra-unit gradual changes of porosity and permeability might also be considered, without any consequence on the generation of significant reflections. Nevertheless, porosity and permeability contrasts are also observed between accretionary units which tend to confirm an inter-unit petrophysical variability.
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Geometries and facies occurrence in subsurface
Once GPR facies are calibrated with outcrop lithofacies, the objective is to identify depositional geometry and facies below the outcropping unit of the Calcaire de Tonnerre. In particular, the base of the outcropping coral bioherms requires imaging In order to answer these questions, an additional GPR survey (P3) has been conducted at the base of the cliff DEV1 (Fig. 3) . This survey shows a penetration depth of 11 m, corresponding to a 190 ns twt range with a velocity of 0.12 m/ns (Fig. 9) . Different GPR facies, geometry, and unconformities can be distinguished and are in good continuity with profile P1. Based on the previous outcrop calibration, this survey indicates that the same depositional settings prevailed before the growth of the coral bioherms. Radar facies can be interpreted as dominant high-energy bioclastic facies, organized in large-scale prograding sequences which are delimited by erosive unconformities (Figs 8 and 9 ; Box F). Also, erosive bases and sigmoid beds underline several medium-scale to large-scale channels (Figs 8 and   9 ; Box E). No major coral bioherms are detected on this profile P3.
The superposition of both GPR profiles acquired at the top and base of the outcrop DEV1 gives a 30 to 40 m thick image of the whole carbonate section (Fig. 10) . On profile P3, some interfaces are characterized by strong and continuous reflections, one in particular is visible all along the profile. This reflector suggests major erosion on top of bioclastic beds and can be interpreted as a palaeotopographic surface upon which the outcropping coral High-resolution imaging of a carbonate platform 20 reefs settled.
DISCUSSION
Implications for Upper Jurassic reefs
This case study is the first to examine the complete evolution of a facies belt dominated by coral buildups (from the initiation of submarine highs to the platform infilling) in a pure carbonate environment from the Late Jurassic. The geometry of the depositional profile from the Tonnerre platform was dominantly controlled by variations in relative sea level, which induced major erosional events at sequence boundaries, and bioherm aggradation during periods of accommodation increase. Autocyclic processes (such as storms or a change in current regime) might have contributed to the bioherms' erosion, leading to the accumulation of coral rubble along the bioherm flanks.
Moreover, considering that the Calcaire de Tonnerre Formation was deposited during the Planula zone, it appears reasonable to propose a time range for deposition of about 500 ka, during which five sea-level falls have been recognized. Taking into account that bioherms grew on a tectonically stable and wide shelf of the northern Tethys, the high-frequency, moderate to low amplitude eustatic fluctuations that have been detected in the outcrop were probably not driven by tectonic pulses.
The formation of continental ice is known as the most efficient mechanism to account for rapid, global-scale sea-level fall. Taking into account cooling events that are known to have occurred in the Late Jurassic (Veizer et al., 2000; Dromart et al., 2003) and the highfrequency oscillations in relative sea level during the 500 kyrs of carbonate deposition from Tonnerre, it is suggested that the stratigraphic architecture of carbonate platforms in the late 
Implications for imaging carbonate platforms using GPR
The penetration depths gained in this study ( Moreover, these results indicate a penetration depth at least equal to those gained with 25 to 100 MHz antennas in several studies devoted to carbonate facies (Pratt & Miall, 1993; Grasmueck et al., 2004; Neal, 2004) , with two times the resolution (vertical resolution is 25 cm here, with a 120 MHz return central frequency). The high penetration depths can be related to a pure carbonate setting (up to 100 % CaCO 3 content for the whole sequence, no clay within the bedding planes) and to a very reduced to non-existent top soil layer (i.e. GPR antennas were in direct contact with the cap rock), resulting in very low loss at the nearsurface. The influence of this last parameter is demonstrated at the beginning of the P1 profile (Fig. 7) , where the presence of a thin top soil layer strongly attenuates the GPR response. These penetration depths are comparable to those obtained during fracture studies of Urgonian limestone cliffs in SE France (Jeannin et al., 2006; Deparis et al., 2007) .
High-resolution imaging of a carbonate platform
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These particular surveys were conducted on cliffs, perpendicular to the bedding planes, with unshielded antennas. Except for the antennas which lose less energy when unshielded, the absence of a soil layer, near-surface moisture, salts, interstitial clay and a clayey bedding plane (i.e. similar conditions to the current study) can be considered essential conditions for reaching a good penetration depth and therefore for elaborating the most accurate geological prediction when no outcrop exposures are available. This work presents an observation scale intermediate between outcrop scale (some metres to some tens of metres) and seismic scale (several hundreds of metres to some kilometres). This study illustrates that relationships exist between the growth of Late Jurassic coral bioherms and topographic highs, and confirms that Late Jurassic corals were able to respond quickly to both a major change in sedimentation rate and/or a relative sea-level oscillation. In the frame of Late Jurassic icehouse conditions, this study suggests that the 
CONCLUSIONS
FIGURE CAPTION
Figure 1: Jurassic palaeogeography of the Atlantic region (after Vogt & Tucholke, 1986 ) and the Northern Tethys domain (modified after Leinfelder, 1987 Leinfelder, , 1989 Ziegler, 1988; Ellis et al., 1990 ) and possible oceanic circulation pattern (modified after Oschmann, 1988 Oschmann, , 1990 Jansa, 1986; Leinfelder, 1992 Leinfelder, , 1994 . During this interval, the distribution of carbonate platforms extended widely along both margins of the Atlantic and northern Tethys oceans. 
